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Summary
 Pteris vittata exhibits enhanced arsenic uptake, but the corresponding mechanisms are not
well known. The prevalent form of arsenic in most soils is arsenate, which is a phosphate ana-
log and a substrate for Phosphate transporter 1 (Pht1) transporters. Herein we identify and
characterize three P. vittata Pht1 transporters.
 Pteris vittata Pht1 cDNAs were isolated and characterized via heterologous expression in
Saccharomyces cerevisiae (yeast) and Nicotiana benthamiana leaves. Expression of the
PvPht1 loci in P. vittata gametophytes was also examined in response to phosphate deficiency
and arsenate exposure.
 Expression of each of the PvPht1 cDNAs complemented the phosphate uptake defect of a yeast
mutant. Compared with yeast cells expressing Arabidopsis thaliana Pht1;5, cells expressing
PvPht1;3weremore sensitive to arsenate, and accumulatedmore arsenic. Uptake assayswith yeast
cells and radiolabeled 32P revealed that PvPht1;3 andAtPht1;5 have similar affinities for phosphate,
but the affinity of PvPht1;3 for arsenate ismuch greater. In P. vittata gametophytes, PvPht1;3 tran-
script levels increased in response to phosphate (Pi) deficiency and arsenate exposure.
 PvPht1;3 is induced by Pi deficiency and arsenate, and encodes a phosphate transporter
that has a high affinity for arsenate. PvPht1;3 probably contributes to the enhanced arsenate
uptake capacity and affinity exhibited by P. vittata.
Introduction
Arsenic exists in the environment as several chemical forms, but
the inorganic forms, arsenate (AsV) and arsenite (AsIII), are most
widespread. The majority of arsenic in surface soil is present as
AsV, whereas AsIII predominates in anaerobic soils (Isayenkov &
Maathuis, 2008). Therefore, AsV is the primary plant-available
form of arsenic in most areas. AsV uptake in plants occurs via the
native inorganic phosphate (Pi) uptake system because Pi trans-
porters cannot distinguish between the similar electrochemical
profiles of Pi and AsV. Indeed, physiological data from a number
of species including barley (Hordeum vulgare; Asher & Reay,
1979), duckweed (Lemna gibba; Ullrich-Eberius et al., 1989), vel-
vet grass (Holcus lanatus; Macnair & Cumbes, 1987; Meharg &
Macnair, 1990), Arabidopsis (Clark et al., 2000), Pteris vittata
(Wang et al., 2002), and wheat (Triticum aestivum; Zhu et al.,
2006) suggest that Pi and AsV are taken up by the same transport
systems. Also, genetic studies of Phosphate transporter 1 (Pht1)
family members have provided evidence that acquisition of AsV
and Pi occurs via the same transporters (Shin et al., 2004; Catare-
cha et al., 2007; Nagarajan et al., 2011; Wu et al., 2011a; Remy
et al., 2012).
Because of the interplay between AsV uptake and Pi nutrition,
suppression of Pi/AsV uptake is a common mechanism of toler-
ance employed by arsenic-resistant plants (Meharg &
Hartley-Whitaker, 2002). For example, arsenic-tolerant Holcus
lanatus (Meharg & Macnair, 1992) and shrub willow (Salix spp.)
(Puckett et al., 2012) genotypes exhibit lower Pi/AsV uptake
capacity as compared with sensitive genotypes. This decreased
AsV uptake capacity can lead to enhanced arsenic accumulation
over time (Hartley-Whitaker et al., 2001; Puckett et al., 2012).
Similarly, a semidominant mutation in the Arabidopsis AtPht1;1
Pi transporter, which slows the uptake of both Pi and AsV, was
found to confer AsV tolerance and enhanced arsenic accumula-
tion (Catarecha et al., 2007). It is likely that slowing AsV uptake
lowers cytoplasmic arsenic concentrations, which allows for
adequate cellular detoxification of arsenic (Meharg, 1994;
Hartley-Whitaker et al., 2001; Catarecha et al., 2007).
In contrast to the majority of arsenic-resistant plants, which
limit and/or slow arsenic accumulation and translocation, plants
with the unique ability to hyperaccumulate arsenic do not achieve
arsenic tolerance through suppressed Pi/AsV uptake. Pteris
vittata, the first arsenic hyperaccumulator identified (Ma et al.,
2001b), has been shown to exhibit greater AsV uptake than
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nonhyperaccumulator ferns (Poynton et al., 2004; Caille et al.,
2005), not only in sporophytes, but also in gametophytes (Gu-
maelius et al., 2004). In addition to enhanced uptake, hyperaccu-
mulators also exhibit efficient root to shoot arsenic translocation
and enhanced cellular tolerance to arsenic (Caille et al., 2005).
However, little is known regarding the molecular mechanisms
associated with arsenic hyperaccumulation.
The enhanced AsV uptake of P. vittata appears to result from
both increased transporter expression (Caille et al., 2005) and
increased affinity of the Pi/AsV uptake system for AsV (Poynton
et al., 2004). The maximum influx velocity (Vmax) of AsV in
P. vittata was much higher than for the nonaccumulator species
Pteris tremula (Caille et al., 2005). This may suggest the presence
of more transporters in root cells of P. vittata as compared with
P. tremula, which would be consistent with induced expression of
Pi/AsV transporters. In addition, the Michaelis constants (Km)
for Pteris hyperaccumulator species were shown to be lower than
for those of a nonaccumulator fern species (Poynton et al., 2004).
This suggests a higher affinity of the transport system for AsV in
the hyperaccumulator genotypes.
Evidence suggests that Pht1 transporters display different trans-
port rates for AsV. Loss-of-function mutants of AtPht1;1 and
AtPht1;4 had different degrees of increased tolerance to AsV com-
pared with wild type (Shin et al., 2004), suggesting the AtPht1;1
and AtPht1;4 transporters exhibit different affinities for AsV.
Also, comparison of the uptake rates for Pi and AsV of a number
of wheat (T. aestivum) lines showed differences in Pi: AsV uptake
ratios, suggesting differences in binding affinities of the corre-
sponding transporters (Zhu et al., 2006). A number of plant Pht1
transporters have been examined following heterologous expres-
sion in yeast cells or Xenopus oocytes, and have exhibited diverse Pi
transport rates (Muchhal et al., 1996; Leggewie et al., 1997; Da-
ram et al., 1998; Liu et al., 1998; Harrison et al., 2002; Ai et al.,
2009; Preuss et al., 2010; Jia et al., 2011; Remy et al., 2012).
However, AsV transport activities of heterologously expressed
Pht1 proteins have not been investigated.
Herein we report the identification of three Pht1 family Pi
transporters from P. vittata. One of the associated genes,
PvPht1;3, is expressed in response to Pi deficiency and AsV expo-
sure, and encodes a transporter that exhibits Pi accumulation
equivalent to that of the Arabidopsis AtPht1;5 transporter, but a
greater uptake capacity for AsV. The PvPht1;3 Pi/AsV trans-
porter probably contributes to the enhanced AsV uptake rate
exhibited by P. vittata.
Materials and Methods
Pteris vittata gametophyte growth conditions
Pteris vittata L. spores were sterilized in 30% bleach and 0.05%
Tween-20 for 10 min, washed five times in sterile water, and
added to flasks containing 0.5 strength Murashige and Skoog
(MS) salts (Caisson Labs, North Logan, UT, USA). Gameto-
phytes were grown at 25°C for 23 d with continuous gentle rota-
tion under soft, white fluorescent lights. For treatments, medium
was replaced with fresh 0.5 strength MS (control), MS lacking
Pi, or MS containing 10 mM potassium arsenate. After 7 d, the
gametophytes were rinsed with deionized water, filtered through
miracloth, frozen in liquid nitrogen and stored at 80°C.
Reverse-transcription (RT)-PCR
Total RNA was extracted from P. vittata gametophytes or yeast
cells with the RNeasy plant mini kit (Qiagen, Venlo, the Nether-
lands) or hot acid phenol (Lundblad & Struhl, 2010), respec-
tively. Manufacturers’ instructions were followed to DNase-treat
1 lg of RNA with RQ1 Rnase-Free DNase (Promega, Madison,
WI, USA) and synthesize cDNA using an oligo(dT) primer and
the RT-PCR SuperScript III First-Strand Synthesis System (Invi-
trogen, Carlsbad, CA, USA). First-strand cDNA was used as a
template for semiquantitative PCR amplification (30 cycles) with
gene-specific primers (Supporting Information Table S1).
PvHistone3.1 (Indriolo et al., 2010) and ScActin1 (Narayanan
et al., 2011) were used as reference genes for P. vittata and yeast
samples, respectively. Band intensities were quantified using
IMAGEJ software (http://rsbweb.nih.gov/ij/).
Identification of P. vittata Pht1 sequences
Pht1 amino acid sequences from fungal and plant species were
aligned and visually scanned for regions of identity. Degenerate
oligonucleotides were designed based on two regions of high iden-
tity separated by c. 900 nucleotides in the Pht1 sequences (Table
S1; Fig. S1). The oligonucleotides were used in RT-PCR reactions
to amplify cDNAs from total RNA samples isolated from 30-d-
old, liquid-culture-grown P. vittata gametophytes. PCR products
were purified from gels and sequenced. 50 and 30 rapid amplifica-
tion of cDNA ends (RACE) (Frohman et al., 1988) experiments
using the SMARTer RACE cDNA Amplification Kit (Clontech,
Mountain View, CA, USA) were used to obtain complete coding
sequences. PCR products were cloned into pDrive (Qiagen), and
at least five independent clones were sequenced for each PvPht1
cDNA. The Identity-1-0 alignment parameter of the MULTALIN
sequence alignment tool (Corpet, 1988) was used to align the
PvPht1 sequences. PvPht1 sequences are available via GenBank
under the following accessions: KM192135, PvPht1;1;
KM192136, PvPht1;2; KM192137, PvPht1;3.
Subcellular localization
Each PvPht1 cDNA was cloned into pBGWFS7 and transformed
into Agrobacterium tumefaciens GV3101. Agrobacterium
tumefaciens cultures for each PvPht1 and those expressing p19 or
PHF1 were grown to optical density (OD) 1.0, 0.5, and 1.5,
respectively, and combined. Pellets were obtained by centrifuga-
tion, washed with 10 mM MgCl2, and resuspended in 10 mM
MES pH 5.9, 10 mMMgCl2 and 15 lM acetosyringone. Abaxial
sides of 3–4-wk-old Nicotiana benthamiana (Domin) leaves were
infiltrated with 1 ml of suspension. After 2–3 d, leaves were infil-
trated with 50 lM FM4-64 (Setareh Biotech, Eugene, OR,
USA), and images were captured at 940 using a Leica DM
RXA2 deconvolution microscope.
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PvPht1;1, PvPht1;2, PvPht1;3, ScPho84, AtPht1;5, and At-
Pht1;7 cDNAs were cloned into pYES2 and transformed into the
PAM2 (Dpho84 Dpho89), Pi uptake-defective, Saccharomyces
cerevisiae strain (Martinez & Persson, 1998). Several independent
transformants for each cell line were used in subsequent experi-
ments. For growth assays, single colony isolates were inoculated
into SC-ura selective medium containing 7.34 mM Pi and 2%
glucose, and were incubated in a New Brunswick shaker (Eppen-
dorf, Enfield, CT, USA) at 250 rpm at 30°C to an OD (Ab600) of
0.5–1.0. Cells were washed twice in SC-ura medium containing
no Pi or carbon source and resuspended in low Pi (25 or 50 lM
Pi, as indicated), 2% galactose, and 0.5% sucrose at OD 0.03.
For AsV treatments, 4.5 lM AsV was added to the cells at time
0 h, and cells grown to mid-log phase (27–31 h) were passed
through 0.8-lm nitrocellulose filters (Millipore, Billerica, MA,
USA), washed, and subjected to arsenic quantification via induc-
tively coupled plasma mass spectrometry (ICP-MS). 32Pi uptake
assays were carried out as previously reported (Fontenot et al.,
2015). Cells were prepared as described above for growth assays
and were resuspended in prewarmed SC-ura medium containing
3% glucose. The external Pi concentration was adjusted to the
concentrations indicated, and K2H
32PO4 (PerkinElmer, Wal-
tham, MA, USA) was added as label. For AsV inhibitor assays,
100 lM AsV was also added. After 6 min, samples were added to
ice-cold 100 mM KH2PO4, passed through 0.8-lm nitrocellulose
filters, and washed with 10 ml of 100 mM KH2PO4. Pi uptake
was measured with an LS 6000IC scintillation counter (Beckman
Coulter, Brea, CA, USA). Kinetic parameters were generated
using ORIGIN graphing software (http://www.originlab.com).
Results
Identification of P. vittata Pht1 Pi transporters
RT-PCR with degenerate oligonucleotides was used to amplify
cDNAs made from P. vittata gametophytes with homology to
known Pht1 Pi transporters (Fig. S1). These reactions yielded
three independent sequences. The remainder of each coding
sequence was determined via 50 and 30 RACE experiments
(Frohman et al., 1988). The sequences were designated PTEvi;
Pht1;1, PTEvi;Pht1;2, and PTEvi;Pht1;3 according to the Com-
mission for Plant Gene Nomenclature of the International Soci-
ety for Plant Molecular Biology recommendation (Bucher et al.,
2001), and will be referred to hereafter as PvPht1;1, PvPht1;2,
and PvPht1;3, respectively. PvPht1;1 and PvPht1;2 encode pre-
dicted proteins of 536 amino acids, whereas the PvPht1;3 protein
is predicted to be 547 amino acids (Fig. 1). PvPht1;1 and
PvPht1;2 share 98.5% amino acid identity, and these sequences
are c. 72% identical to PvPht1;3.
PvPht1 gene expression in P. vittata gametophytes
Virtually all Pht1 Pi transporters studied to date exhibit low-Pi
induction at the transcript level (Nussaume et al., 2011). By
contrast, differences exist among Pht1 members with regard to
AsV-responsive expression. For example, some Arabidopsis and
rice (Oryza sativa) Pht1 genes are down-regulated by AsV expo-
sure, whereas others are up-regulated or unchanged (Catarecha
et al., 2007; Chakrabarty et al., 2009; LeBlanc et al., 2013;
Muehe et al., 2014). To characterize the expression of PvPht1;1,
PvPht1;2, and PvPht1;3 in response to Pi deficiency and AsV
exposure, RT-PCR experiments were carried out on RNA
extracted from P. vittata gametophytes subjected to Pi deficiency
or AsV stress. Although a number of oligonucleotide pairs were
tested for their ability to distinguish PvPht1;1 and PvPht1;2 in
RT-PCR experiments on RNA extracted from yeast cells express-
ing either cDNA (not shown), no such pair was identified. Thus,
a set of oligonucleotides 100% complementary to both PvPht1;1
and PvPht1;2 were used to monitor combined expression of the
two genes. As shown in Fig. 2, transcript abundance for
PvPht1;1/2 and PvPht1;3 increased about 5- to 6-fold in response
to Pi deficiency. However, in response to AsV, PvPht1;1/2 tran-
script abundance decreased 2-fold, whereas PvPht1;3 transcripts
increased 1.5-fold. These results reveal similar Pi-responsiveness
for the PvPht1 genes, but differential regulation by AsV.
Subcellular localization of PvPht1 proteins
Members of the Pht1 family are targeted to the plasma mem-
brane (Gonzalez et al., 2005; Liu et al., 2008; Jia et al., 2011;
Wu et al., 2011b). Fusions of each PvPht1 were made to green
fluorescent protein (GFP) and transiently expressed in
N. benthamiana leaves to investigate subcellular localization. Ini-
tial localization experiments of PvPht1;2-GFP were carried out
to optimize the expression system. Following transformation,
PvPht1;2-GFP was expressed at low levels at the plasma mem-
brane, whereas coexpression with the p19 silencing suppressor
(Voinnet et al., 2003) enhanced PvPht1;2-GFP expression in
apparent endomembrane compartments (Fig. S2). A similar
phenomenon was previously observed with the Arabidopsis At-
Pht1;2 transporter (Bayle et al., 2011), which appeared to result
from improper trafficking. Coexpression of PHOSPHATE
TRANSPORTER TRAFFIC FACILITATOR1 (PHF1), which
is required for shuttling Pht1 proteins from the endoplasmic
reticulum (ER) to the plasma membrane (Gonzalez et al.,
2005), with AtPht1;2 directed proper localization to the plasma
membrane (Bayle et al., 2011). Similarly, we coexpressed PHF1
with each PvPht1-GFP fusion (and p19) and observed plasma
membrane localization of all three PvPht1 proteins, as indicated
by colocalization with the FM4-64 endocytic marker (Fig. 3).
Thus, the PvPht1 transporters exhibit a subcellular localization
pattern typical of Pht1 family transporters.
PvPht1 proteins complement a Pi transport-defective yeast
mutant
To examine whether the PvPht1 genes encode bona fide Pi trans-
porters, the PvPht1;1, PvPht1;2, and PvPht1;3 cDNAs were each
expressed in the PAM2 (Dpho84Dpho89), Pi uptake-defective,
S. cerevisiae strain (Martinez & Persson, 1998) to see if they could
New Phytologist (2016) 209: 762–772  2015 The Authors




complement the Pi uptake defect. As a control, the native yeast
Pho84 transporter was also expressed in PAM2. RT-PCR experi-
ments confirmed comparable levels of expression for each cDNA
(Fig. S3). Yeast isolates were grown on Pi-sufficient medium,
washed with Pi-free medium, and inoculated into medium con-
taining galactose (for inducing expression) and a low concentra-
tion of Pi (25 lM). Cell growth (OD at Ab600) was monitored,
and growth rate coefficients (and doubling times) were deter-
mined via exponential regression of the logarithmic growth
phase. Representative assays are shown in Fig. 4(a–e) and means
of a number of independently obtained growth rate coefficients
(n ≥ 4) for each transporter are shown in Fig. 4(f). As expected
under low-Pi conditions, the growth rate of PAM2 cells express-
ing the empty pYES2 vector was relatively low, whereas PAM2
cells expressing Pho84 had a higher growth rate indicating com-
plementation of the PAM2 Pi-uptake defect. Interestingly,
expression of PvPht1;3 complemented this defect to a similar
extent, whereas expression of PvPht1;1 or PvPht1;2 led to moder-
ate complementation. These experiments suggest that all three of
the PvPht1 proteins function as Pi transporters, but with differ-
ent transport properties. Based on its particular effectiveness at
complementing the yeast Pi-transport defect, PvPht1;3 was
selected for further study.
Yeast cells expressing PvPht1;3 are sensitive to AsV
Pteris vittata was shown to have a lower Km for AsV compared
with the nonaccumulating fern Nephrolepis exaltata, and AsV
influx was competitively inhibited by Pi (Poynton et al., 2004).
These observations suggest that P. vittata contains a Pi trans-
porter(s) that exhibits relatively high affinity for AsV. To gain
insight into the affinities of PvPht1;3 for Pi and AsV, we exam-
ined the growth of PAM2 yeast cells expressing PvPht1;3 in the
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PvPht1;1 C
PvPht1;2 C
PvPht1;3 VNALGFLFTF LVPETKGVSL EDLSGENDAT GDDENNTSPT TFITRSQNRT APDGNDQL 
Fig. 1 Alignment of Pteris vittata Phosphate
transporter 1 (Pht1) amino acid sequences.
The predicted amino acid sequences of
PvPht1;1, PvPht1;2, and PvPht1;3 were
aligned via the Identity-1-0 parameter of the
MULTALIN sequence alignment tool. Black
highlighted residues are conserved among all
sequences and gray highlighted residues are































Fig. 2 Reverse transcription (RT)-PCR detection of transcript abundance
for Phosphate transporter 1 (Pht1) loci in Pteris vittata gametophytes.
Gametophytes were grown in full nutrient medium for 23 d, and grown in
fresh medium (ctrl), medium supplemented with 10mM arsenate (+As), or
medium lacking phosphate (Pi) for an additional 7 d. Electrophoresis
results of RT-PCR products (upper panel), and IMAGEJ software analysis of
relative expression of PvPht1;1 and PvPht1;2 combined (PvPht1;1/2) and
PvPht1;3, as normalized against PvHistone3.1 and compared to the
corresponding ctrl (lower panel), are shown. Values are the mean SD of
two independent experiments.
 2015 The Authors
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presence or absence of AsV under low-Pi conditions. For com-
parison, we also analyzed Pho84 and the Arabidopsis Pht1
transporters AtPht1;5 and AtPht1;7. RT-PCR experiments con-
firmed comparable expression of the respective transporters
among the cell lines (Fig. S3). Compared with the yeast growth
assays described in the previous section, the Pi concentration
was increased to 50 lM in these experiments to allow for an
elevated baseline of growth for comparison to growth in the
presence of AsV. Growth rate coefficients were determined for
all the cell lines cultured under low-Pi conditions with and
without 4.5 lM AsV (Fig. 5a–e). As shown in Fig. 5(f), means
of a number of independently obtained growth rate coefficients
for cells cultured with or without AsV were used to calculate an
AsV tolerance for each transporter (i.e. the percentage of
growth under AsV exposure relative to growth in the absence
of AsV). Lack of the Pho84 and Pho89 transporters in the
PAM2 mutant attenuates growth under normal conditions, but
increases tolerance to AsV as not only Pi uptake, but also AsV
uptake, is disrupted (Bun-ya et al., 1996). As expected, the AsV
tolerance of PAM2 cells expressing empty pYES2 vector was
relatively high at 69%. By contrast, complementation of PAM2
with Pho84 resulted in a decreased AsV tolerance of 56%,
probably as a result of enhanced AsV accumulation. Examina-
tion of the plant Pi transporters showed that cells expressing
PvPht1;3 exhibited a similar AsV tolerance (57%) to those
expressing Pho84, whereas complementation with AtPht1;5 and
AtPht1;7 conferred similarly higher tolerances (c. 67%), even
though cells expressing AtPht1;5 and AtPht1;7 had different
growth rate coefficients (Fig. 5d,e). This may indicate that
PvPht1;3 is unique among plant Pht1 proteins in its ability to
take up AsV.
AsV and Pi uptake by yeast expressing PvPht1;3 or
AtPht1;5
Our yeast growth assays showed that cells expressing PvPht1;3 or
AtPht1;5 exhibited similar growth in low-Pi medium, but not in
low-Pi medium supplemented with AsV (Fig. 5b,d). This sug-
gests that PvPht1;3 and AtPht1;5 exhibit similar uptake charac-
teristics for Pi, but not for AsV. To further examine the relative
AsV uptake capacities of PvPht1;3 and AtPht1;5, we quantified
AsV accumulation in cells expressing each transporter following
growth on low-Pi medium containing AsV. At mid-log phase,
aliquots of cells were harvested and prepped for arsenic quantifi-
cation via ICP-MS. As shown in Fig. 6, PvPht1;3-expressing cells
accumulated over 2-fold more arsenic than cells expressing
AtPht1;5.
In order to directly quantify the Pi uptake of the PvPht1;
3- and AtPht1;5-expressing cells, radiolabeled 32Pi uptake was
measured in short-term assays with varying external Pi concen-
trations. The Pi uptake of cells expressing either PvPht1;3 or













Fig. 3 Pteris vittata Phosphate transporter 1
(Pht1) transporters localize to the plasma
membrane. Transient expression in Nicotiana
benthamiana leaf epidermal cells was
analyzed by deconvolution microscopy 48–
72 h after infiltration. Transient PvPht1-GFP
expression is shown along with the endocytic
marker FM4-64 for (a–c) PvPht1;1, (d–f)
PvPht1;2, or (g–i) PvPht1;3. Bar, 10 lm.
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exhibited Km values of 22.1 and 30.6 lM, respectively (Fig. 7).
These Km values were determined by globally fitting data from
several independent experiments (n ≥ 3). We observed some var-
iation in velocities across the separate experiments (Table S2), so
the velocities expressed in Fig. 7 were normalized (see the
Discussion section). Because yeast cells expressing PvPht1;3 had
a lower AsV tolerance than AtPht1;5-expressing cells and accu-
mulated more As, we examined the ability of AsV to inhibit 32Pi
uptake by the yeast lines (Fig. S4). Addition of 100 lM AsV
increased the apparent Km values for PvPht1;3- and AtPht1;5-
mediated Pi uptake to 171.7 and 57.9 lM, respectively, indicat-
ing AsV inhibition of Pi uptake by both transporters (Fig. 7).
Assuming competitive inhibition of Pi uptake by AsV (Zhao
et al., 2010), the inhibition constants (Ki) of AsV are 14.80 lM
for PvPht1;3 and 111.67 lM for AtPht1;5. This indicates that
AsV is a much stronger inhibitor of Pi transport by PvPht1;3
than of that by AtPht1;5. Indeed, the relatively low AsV Ki for
PvPht1;3 suggests that this transporter has comparable affinities
for Pi and AsV.
Discussion
Herein we describe the isolation and characterization of three
Pht1 transporters from P. vittata. In initial screening experi-
ments, we used a pair of degenerate primers (Table S1; Fig. S1)
and cDNAs made from RNA extracted from either Pi-starved
P. vittata gametophytes (–Pi) or gametophytes grown under full-
nutrient conditions (+Pi). The –Pi cDNA library yielded appar-
ent nonspecific high-molecular-weight products, whereas the
+Pi cDNA library yielded a product of the expected size (not
shown). Hence, the +Pi cDNA was selected for additional
screening experiments. Of 17 independent clones obtained, 15
corresponded to PvPht1;3, one to PvPht1;1, and one to
PvPht1;2. To enrich for either PvPht1;1 or PvPht1;2 clones, a
primer pair 100% complementary to both PvPht1;1 and
PvPht1;2, but not PvPht1;3, was used to pull out sequences
from the +P gametophyte cDNA library. Of 21 new clones, 15
corresponded to PvPht1;1 and six to PvPht1;2. Together these
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Fig. 4 Growth rates of yeast cells expressing
Phosphate transporter 1 (Pht1)
complementary (c)DNAs. Optical density
(OD) (Ab600) measurements during
logarithmic growth were used to generate
exponential trend lines (y(t) = a9 ekt), where
k is the growth rate coefficient. (a–e)
Representative growth assays of PAM2 cells
expressing empty vector (pYES2) or the Pht1
cDNA indicated. (f) Mean growth rates and
doubling times for several (n ≥ 4)
independent assays for cells expressing
pYES2 or the Pht1 cDNA indicated. Error bars
indicate  SD.
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expression under the experimental conditions used, followed by
PvPht1;1 and then PvPht1;2. After obtaining full-length
sequences, we attempted to generate gene-specific primers to
quantify transcript abundance for each PvPht1 locus via RT-
PCR experiments, but were unsuccessful in identifying a primer
pair that could distinguish PvPht1;1 and PvPht1;2. Nevertheless,
the RT-PCR experiments suggest that PvPht1;3 has a higher
basal level of expression than PvPht1;1/2, and is induced by
both Pi starvation and AsV exposure, whereas PvPht1;1 and/or
PvPht1;2 is induced by Pi starvation but down-regulated by AsV
exposure (Fig. 2). The relative responsiveness of plant Pht1 genes
to AsV varies with regard to the specific Pht1 gene and tissue
type, as well as the concentration and duration of AsV exposure
(Catarecha et al., 2007; Puckett et al., 2012; LeBlanc et al.,
2013; Muehe et al., 2014). Hence, a comprehensive analysis is
needed to elucidate the complexities that are likely to exist in
the regulation of the PvPht1 loci. Future experiments will exam-
ine PvPht1 expression in P. vittata treated with various ratios of
Pi : AsV at a range of time-points.
In addition to transcriptional regulation, Pht1 transporters are
regulated by posttranscriptional mechanisms, including ER to
plasma membrane transport via PHF1 and phosphorylation
events (Gonzalez et al., 2005; Bayle et al., 2011; Chen et al.,
2015), ubiquitin-dependent turnover (Huang et al., 2013; Lin
et al., 2013; Park et al., 2014), and oligomerization (Fontenot
et al., 2015). Another form of regulation is stability of Pht1 pro-
teins at the plasma membrane. Interestingly, internalization of
AtPht1;1 from the plasma membrane to endosomes is responsive
to both Pi and AsV (Bayle et al., 2011; Castrillo et al., 2013).
Whether these mechanisms are conserved among Pht1 proteins is
unclear. It is challenging to probe the impact of AsV and Pi on
Pht1 localization in the transient N. benthamiana expression sys-
tem (i.e. without stable transgenic lines), and thus we were unable
to monitor PvPht1-GFP internalization. Although our experi-
ments showed plasma membrane localization for each PvPht1,
we occasionally observed relatively diffuse GFP signals for
PvPht1;1-GFP and, particularly, PvPht1;2-GFP, as compared
with PvPht1;3-GFP (Fig. 3). This may indicate PvPht1;3 is more
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Fig. 5 Growth rates and arsenate tolerance
of yeast cells expressing Phosphate
transporter 1 (Pht1) complementary (c)
DNAs. Optical density (OD) (Ab600)
measurements during logarithmic growth
were used to generate exponential trend
lines (y(t) = a9 ekt), where k is the growth
rate coefficient. (a–e) Representative growth
assays of PAM2 cells expressing empty
vector (pYES2) or the Pht1 cDNA indicated,
with (+As) or without (As) 4.5 lM arsenate
(AsV) added to the growth medium. (f) AsV
tolerance indicates the proportional growth
rate of yeast cells expressing the indicated
Pht1 transporter in the presence of arsenate
compared with control growth. Values are
the mean SD (n ≥ 4).
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stable at the plasma membrane than PvPht1;1 and PvPht1;2.
Future analyses of transgenic lines expressing PvPht1-GFP transg-
enes will aid in characterizing the posttranslational modification
of PvPht1 transporters.
Heterologous expression in yeast was used to gain insight into
PvPht1 transporter activities. Expression of PvPht1;1 or PvPht1;2
partially complemented the Pi-uptake defect of the PAM2
(Dpho84 Dpho89) mutant, whereas PvPht1;3 expression comple-
mented the mutant as well as the gene encoding the native yeast
Pho84 transporter (Fig. 4). We have characterized several Arabid-
opsis Pht1 proteins in similar assays and observed that only At-
Pht1;5 complemented PAM2 to an extent similar to Pho84 and
PvPht1;3 (Fig. 5). By contrast, only partial complementation was
observed for AtPht1;1 (Fontenot et al., 2015), AtPht1;4 (not
shown), and AtPht1;7 (Fig. 5). These observations are in line
with previous studies and collectively suggest a range of Pi trans-
port activities for Pht1 transporters, which may result from dif-
ferences in fundamental transport properties and/or regulation
(Leggewie et al., 1997; Daram et al., 1998; Rausch et al., 2004;
Liu et al., 2008, 2014; Ai et al., 2009; Jia et al., 2011). To gain
insight into the AsV activities of the various Pht1 transporters,
yeast expressing the respective Pht1 loci was grown in the pres-
ence of AsV (under low-Pi conditions). Although cells expressing
AtPht1;5 or AtPht1;7 exhibited different growth rates, the relative
negative impacts of AsV on their growth were similar (Fig. 5),
suggesting comparable specificities of the transporters for AsV.
By contrast, cells expressing PvPht1;3 exhibited a greater sensitiv-
ity to AsV relative to the Arabidopsis transporters (Fig. 5). Con-
sistent with these differences in AsV sensitivity, elemental
analysis demonstrated higher arsenic accumulation in cells
expressing PvPht1;3 compared with those expressing AtPht1;5
(Fig. 6).
Short-term 32Pi uptake experiments were used to compare the
Pi uptake rates of PvPht1;3 and AtPht1;5. These assays were per-
formed with and without addition of AsV as a competitive
inhibitor of Pi uptake. All assays exhibited Michaelis–Menton
kinetics (Fig. S4), allowing for determination of Km and Vmax
constants (Fig. 7; Table S2). In these assays, Vmax is the product
of the enzyme concentration (i.e. the quantity of functional trans-
porters at the plasma membrane) and the catalysis rate (kcat),
which is the rate at which Pi is released from the transporter into
the cytosol. The Km constant is also a function of kcat, as well as
Kf, the rate at which Pi binds the transporter, and Kr, the rate of
Pi release back to the extracellular side. In our 32Pi uptake assays,
the Vmax constants, but not the Km constants, varied across many
of the independent assays (Table S2). This allowed for the global
fitting of a single Km for each set of replicate experiments but not
a single Vmax value (Table S2). Hence the Vmax values for all rep-
licates were normalized to 100 for visual comparison among the
assays (Fig. 7). Considering that kcat is a function of both Vmax
and Km, and as Km values across replicates did not vary widely, it
is likely that differences in enzyme concentrations led to the vari-
ation in Vmax. This may reflect differences in posttranscriptional
modifications of PvPht1;3 and AtPht1;5 that varied the stoichi-
ometry of functional transporters at the plasma membrane in
independent assays, despite our attempts to perform each assay
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Fig. 7 Phosphate (Pi) Michaelis constants (Km) for yeast cells expressing a
Pteris vittata or Arabidopsis thaliana Phosphate transporter 1 (Pht1)
protein. The 32Pi uptake of PAM2 yeast cells expressing (a) PvPht1;3 or (b)
AtPht1;5was quantified for eight Pi concentrations between 2.5 and
1000 lM for 6 min with (+As) or without (As) 100 lM arsenate (AsV)
added as a competitive inhibitor. The velocities were analyzed by nonlinear
















Fig. 6 Arsenic (As) accumulation of yeast cells expressing a Pteris vittata
or Arabidopsis thaliana Phosphate transporter 1 (Pht1) protein. PvPht1;3-
or AtPht1;5-expressing PAM2 yeast cells were grown to mid-log phase,
collected by centrifugation, washed, and analyzed for arsenic content by
inductively coupled plasma mass spectrometry (ICP-MS). Values are the
mean  SD of two independent assays.
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constants were determined for each group of replicate assays with
acceptable errors and R2 line-fitting values (Fig. 7), supporting
the notion that the Km values obtained were independent of func-
tional transporter abundance at the plasma membrane. It is gen-
erally recognized that Pht1 transporters exhibit a preference for
Pi over AsV (Meharg & Macnair, 1990; Meharg, 1994). Our
32Pi uptake assays indicate that AtPht1;5 shows such a preference
for Pi, as AsV only moderately inhibits AtPht1;5-mediated Pi
uptake (Fig. 7b). Yeast expressing AtPht1;7 had a similar AsV tol-
erance to AtPht1;5-expressing cells (Fig. 5), suggesting that At-
Pht1;7 also has a preference for Pi over AsV. By contrast, the Pi
uptake of PvPht1;3 was strongly inhibited by AsV (Fig. 7a). The
Km for Pi uptake by PvPht1;3 was 22.1 lM, and the Ki of AsV
was 14.80 lM. This suggests that PvPht1;3 has similar affinities
for Pi and AsV. Previous AsV uptake experiments in intact plants
showed that two Pteris hyperaccumulator species had lower Km
values for AsV as compared with a nonhyperaccumulator species,
suggesting a greater AsV affinity in the hyperaccumulators
(Poynton et al., 2004). It is possible that PvPht1;3 is responsible
for this enhanced AsV affinity exhibited by P. vittata.
The ability of P. vittata to hyperaccumulate arsenic appears to
result from enhancements in arsenic acquisition, root-to-shoot
translocation, and tolerance (Danh et al., 2014). Caille et al.
(2005) showed a more than 2-fold increase in the AsV uptake rate
of P. vittata as compared with the nonhyperaccumulator
P. tremula, presumably as a result of a higher density of transport-
ers in root cells. The transcript abundance of PvPht1;3, particu-
larly in the presence of AsV (Fig. 2), is consistent with a high AsV
uptake capacity of P. vittata. Enhanced expression of PvPht1;3 by
AsV would also probably increase Pi acquisition, which is consis-
tent with previous studies demonstrating a stimulatory effect of
AsV on P. vittata growth (Ma et al., 2001a; Srivastava et al.,
2009). AsV accumulated by P. vittata is reduced to AsIII, proba-
bly by P. vittata Arsenate Reductase 2 (PvACR2) (Ellis et al.,
2006). Although a matter of some debate (Danh et al., 2014), the
AsV to AsIII reduction appears to occur primarily in roots (Huang
et al., 2004; Duan et al., 2005; Su et al., 2008; Lei et al., 2012).
AsIII is then loaded into the xylem for transport to the shoot, pos-
sibly via the PvACR3 AsIII transporter (Indriolo et al., 2010).
Knock-down of PvACR3 in P. vittata gametophytes conferred
arsenite sensitivity, showing that this AsIII transporter plays a key
role in arsenic tolerance in P. vittata. In addition to the activities
of PvACR2 and PvPACR3, other components, including nonpro-
tein thiols (Singh et al., 2006; Watanabe et al., 2014), probably
contribute to arsenic accumulation and tolerance in P. vittata.
Our findings implicate PvPht1;3 in the enhanced arsenate accu-
mulation capacity of P. vittata. PvPht1;3 exhibits a high affinity
for AsV, as indicated by AsV inhibition of Pi uptake (Fig. 7a), and
transcripts of PvPht1;3 in gametophytes appear to be present at a
relatively high basal level and are induced marginally by AsV
(Fig. 2). Considering that P. vittata is capable of hyperaccumulat-
ing either AsV or AsIII, of which only AsV would be a substrate
for PvPht1;3, the PvPht1;3 Pi/AsV transporter is probably not
required for the enhanced arsenic tolerance of P. vittata. However,
the predominant chemical species of arsenic in topsoil is AsV and
not AsIII. Therefore, the evolution of arsenic hyperaccumulation
probably coincided with abundant AsV concentrations. It is possi-
ble that arsenic tolerance mechanisms acquired by P. vittata over-
rode the selective pressure on PvPht1;3 to discriminate between Pi
and AsV. Future identification of additional molecular compo-
nents involved in arsenic accumulation and tolerance will help
unravel the relative contribution of PvPht1;3 to arsenic hyperac-
cumulation.
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